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College football stadiums host anywhere from 15,000 to 115,000 people each
Saturday from late summer to early winter and leave fans exposed to ambient conditions.
Amplified heat from stadium infrastructure substantially impact attendants’ thermal
comfort. In order to assess personal heat exposure and mitigate exposure
misclassification, temperature and relative humidity sensors (iButtons) were placed
throughout Mississippi State University’s Davis Wade Stadium during the 2016 Football
Season. iButton measurements established a micro-climate and compared its readings to
the Soil Climate Analysis Network site 1.2 miles north of the stadium. The program
RayMan Pro modeled a Physiological Equivalent Temperature (PET) micro-climate to
create an individualized heat metric. The results of this study assess stadium occupants’
thermal comfort through Heat Index and PET. Heat-related health outcomes were
examined regarding thermal comfort and the stadium micro-climate using data from the
stadium’s EMS calls and First Aid stations during game days.
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INTRODUCTION
Heat and hazardous health scenarios have been well researched and connected,
but only a fraction has been devoted to heat-health in mass gatherings, particularly in
outdoor and semi-outdoor environments. Baird et al. (2010) reviewed research regarding
relationships between high heat and heavily attended events to find an overwhelming
association between thermally oppressive environments (based on temperature and
relative humidity) and individuals requiring medical assistance. Among these studies,
only a handful pertain to football stadiums, which host mass gatherings on a regular basis
each fall. In these studies, heat stress reports were compared to Heat Index (HI) values to
show how intense heat and humidity place game day spectators in hazardous scenarios
(Perron et al. 2005; Kman et al. 2007). While temperature and relative humidity represent
an ambient environment, additional meteorological factors contribute to an individual’s
thermal comfort, and other biometeorological indices take these into account.
American football stadiums emulate a microcosm of urban environments in terms
of anthropogenic infrastructure as well as high population density for a given area. Rather
than relying solely on meteorological parameters recorded outside of a stadium, the
current study used iButtons, small temperature and relative humidity data loggers,
allowing for observations inside the study area itself. The use of iButtons increases the
spatial resolution and minimizes any assumptions of the stadium’s environment that
1

would be necessary if only data recorded outside the stadium were used. Many decision
makers for game day operations rely on local meteorological observations which are
often outside the stadium, recording heat and humidity characteristics that behave
differently than the environment in question. Relying on distant weather stations imposes
exposure misclassification of air temperature experienced by game day attendants
Diminishing the heat health risks of spectators and minimizing exposure misclassification
stand as the primary objectives of this work. In order to do this, this thesis connects insitu air temperature and relative humidity observations to assess both the micoclimate of
a college football stadium and estimate the thermal comfort of its occupants.
This thesis is organized into four total chapters with Chapter 1 as the overarching
introduction. Chapter 2 regards Davis Wade Stadium’s temperature climate over the 2016
season and consists of five sections. These sections detail an introduction to temperature
studies in other football stadiums, the methods used to acquire temperature data, the
results of the temperature climate, a discussion of the findings, and a summarizing
conclusion of the outcomes. Chapter 3 has similar structure but focuses on the thermal
comfort of stadium occupants during Mississippi State home football games in 2016.
Chapter 4 concludes this thesis by summarizing chapters 2 and 3 and provides limitations
for the study as well as plans for future research.
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CLIMATOLOGY OF DAVIS WADE STADIUM
Introduction
College football games are one of the great pastimes in American culture.
Although attendance has declined slightly in recent years (Solomon 2016), many schools
continue to expand and renovate their stadiums in an effort to improve the game-day
experience for fans (Butt 2017; Fischer 2017; Krishner 2017). However, there are several
factors that make attending an outdoor college football game a potential health risk.
Football stadiums are composed of materials such as concrete, plastic, and metal, which
absorb heat more effectively than vegetative surfaces, especially in high-density areas
(Debbage and Shepherd 2015). A similar phenomenon known as the urban heat island is
well-documented in cities and has been linked to increased risk for heat-related health
effects (cite). Much of the college football season takes place during the late summer and
early fall, which are climatologically warm and often humid times of the year,
particularly in the Southeast U.S.. College football games can energize and excite
spectators, causing an increase in metabolic heat production. This particular combination
of environmental and behavioral factors may result in greater risk for heat-related illness
and death.
Despite these heat hazards, only a few studies have directly measured heat
exposure within outdoor college football stadiums. Gutter (2011) used HOBO Pro v2
3

sensors to measure temperatures within Bryant-Denny Stadium at the University of
Alabama during a game in November 2009. Comparisons were made with temperatures
recorded at the Tuscaloosa Regional Airport ASOS station. Temperatures within the
stadium varied by as much as 3°C depending on airflow and exposure to direct sunlight,
while the stadium concourses exhibited the greatest temperature differences with the
nearby ASOS station. In a similar study, Reddick and Vanos (2016) used iButton sensors
to measure temperature and relative humidity within Jones AT&T Stadium at Texas Tech
University before, during, and after a game in September 2016. Similar to Gutter (2011),
comparisons of stadium conditions were made to those recorded at a nearby ASOS
station (Lubbock International Airport). Temperatures within the stadium were 1.2-2.3°C
higher than the ASOS station, likely resulting from differences in relative humidity, solar
radiation, and heat emitted from the artificial turf field. Intra-stadium temperature
differences of over 1°C were noted between the east and west sides of the stadium due to
diurnal patterns in sun angle and absorbed solar radiation.
In addition to these two studies, there is some limited research on the
meteorological characteristics of other outdoor and semi-outdoor stadiums. Spagnolo and
de Dear (2003) found that stadium design has the greatest effect on solar radiation
exposure and wind velocity, while Papachristou et al. (2016) found that temperatures of
outdoor and semi-outdoor stadiums can vary by over 3°C for much of the year. The
complex geometry associated with urban landscapes and structures leads to significant
intra-city temperature variability (Oke 2004) and, therefore, significant variability in heat
exposure on short temporal and spatial scales. This level of variability is typically not
captured by the sparse network of official weather stations, many of which are already
4

removed from significant anthropogenic influences (Muller et al. 2013). Since outdoor
and semi-outdoor stadiums likely behave in a similar way to cities with regards to the
surface energy budget, it is important to measure intra-stadium temperature variability to
better capture the patterns of heat exposure among spectators. This type of research
addresses an emerging theme in environmental heat exposure assessments, where the
focus is shifted from large populations to individuals (Kuras et al. 2017).
The purpose of this chapter is to examine the fine-scaled temperature and
humidity characteristics of Davis Wade Stadium, a semi-outdoor football stadium on the
campus of Mississippi State University. Over 50 iButton sensors were placed within the
stadium for the duration of the 2016 football season. Hourly and weekly temperature
distributions were calculated for various parts of the stadium to identify intra-stadium
variability in heat exposure. Similar to previous studies (Gutter 2011; Reddick and Vanos
2016), stadium observations were compared to those taken from a nearby automated
weather station. A linear regression model was then created to predict stadium
temperatures based on those observed at the nearby weather station.
Data and Methods
Data Collection
This study was conducted in Davis Wade Stadium on the campus of Mississippi
State University in Starkville, MS (33.450N, 88.818W) (Figure 1) during the 2016
football season. At the time of the study, the maximum capacity of the stadium was
61,337, placing it in the top 40% of all NCAA Division 1 Football Bowl Subdivision
(FBS) stadiums by capacity. The most recent stadium expansion was completed in 2014
and included the sealing off of the north end zone and installation of a large high5

definition video board. Another large video board is located in the south end zone and
casts a noticeable shadow over parts of the field (Figure 2, 3). Different views from
inside the stadium are shown in Figure 4.
To measure the temperature and humidity characteristics of the stadium, iButton
sensors were attached to small plastic fobs and secured via zip ties to railings and other
metal pipes throughout the stadium (Figure 5). iButton sensors are small, light-weight,
and relatively inconspicuous stainless steel disks (< 20 mm diameter, < 7 mm thickness,
3.3 g) (Figure 6). Two types of iButtons were used in this research: Thermochrons
(DS1921G-F5), which measure temperature only, and Hygrochrons (DS1923), which
measure temperature and relative humidity. Only temperature observations are used in
this chapter; the combination of temperature and humidity is considered in Chapter 2.
Each iButton has a thermal response time of 130 seconds, while the accuracy of the
iButtons range from ±1.0°C for Thermochrons to ±0.5°C for Hygrochrons.
A total of 52 iButtons (40 Thermochrons and 12 Hygrochrons) were placed within
Davis Wade Stadium (Figure 7). Each iButton was set to record data at 10-minute
intervals from 29 August 2016 through 22 November 2016. This interval was chosen to
facilitate the modeling of spectator thermal comfort during specific football games, which
is described in Chapter 2. In this chapter, the focus is on measuring intra-stadium
temperature variability and comparing stadium conditions to those at a nearby weather
station. To carry this out, all 10-minute iButton observations were converted to hourly
observations by taking the average of all observations from the previous hour. For
example, all 10-minute observations occurring between 8:00 and 8:59 were averaged to
produce a single 8:00 hourly observation. Similar to Gutter (2011) and Reddick and
6

Vanos (2016), iButton observations were summarized across three regions of the stadium
to facilitate analysis of intra-stadium variability (Figure 7):
•

Stadium – spectator seating, which includes mostly metal benches but also plastic
“bleacher seats”, most of which are not shaded; lower-level seating is located on
the east, west, and north sides of the stadium; upper-level seating is located on the
east and west sides of the stadium

•

Concourse – a semi-outdoor environment that is shaded and enclosed by stadium
structures; located on both the lower and upper levels of the stadium

•

Field – ground-level region with a natural grass surface and also open to the
ambient environment; observations taken from all four sides

While the placement of iButtons should capture the environmental conditions of most
spectators, some stadium locations were not accessible for this study. These included
press boxes, luxury suites, restrooms, first aid stations, and concession stands.
Individual variability of the iButtons were tested by compiling temperatures prior
to sunrise over the course of the study period. Choosing this time minimized the radiation
that iButtons could measure and represented their base qualities as closely as possible,
while still being out in the field (Figure 8). With few exceptions, the sensors’ median
temperatures remained around 1°C of each other within their respective location, which
falls within the accuracy of the device.
As in Gutter (2011) and Reddick and Vanos (2016), comparisons were made
between hourly stadium temperatures and those from a nearby automated weather station.
The station closest to Davis Wade Stadium is a USDA-NRCS Soil Climate Analysis
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Network (SCAN) station (#2064) located approximately 1 mile to the northeast in a
university-owned agricultural field (USDA-NRCS, 2018).
Although reasonable amount of iButtons were dispersed throughout Davis Wade
Stadium, an iButton could not be assigned to every seat. Inverse Distance Weighting
(IDW) facilitates visualizing temperature distributions by interpolating values between
observations. In addition to the close proximity of the iButtons and the small spatial scale
of the stadium, IDW’s non-intensive computational demands for the purposes of this
thesis hold an advantage over other interpolation methods such as Kriging (ESRI, 2017).
For three football games during the 2016 season: South Alabama (9/3/16), South
Carolina (9/10/16), and Samford (10/29/16), IDW maps of the stadium were created
through ArcGIS using top of the hour temperature data. Specific values listed on the map
show the location of the iButtons and the exact value they represent.
Statistical Analysis
To determine the statistical techniques used in this thesis, a chi-square test was
performed to see if the hourly average temperatures in the stadium were normally
distributed. Since the distribution failed the test for normality, bootstrapping was used.
Bootstrapping is a non-parametric statistical technique that does not require a dataset to
be normally distributed. It is a resampling method with replacement, meaning that values
within the dataset can be sampled more than once without any point being excluded. This
method generates thousands of iterations and can establish confidence intervals among all
of the replicates that it creates. In this analysis, the mean and standard deviation served as
test statistics of central tendency and variability, respectively. A total of 1,000 bootstrap
replicates were created from average hourly temperatures of the three regions mentioned
8

above (i.e. stadium, field, and concourse) as well as the SCAN site. These bootstrap
replicates were tested at the 95% confidence interval to determine if the median of the
stadium observations fell within the distribution of bootstrap replicates from the SCAN
site. Using an alpha value of 0.05 gives 95% confidence intervals to balance the alpha
error and beta error. The null (alternate) hypothesis was that the medians were (not)
equal. If the median did not exist within the 1st and 3rd quantiles of the other dataset, then
the null hypothesis was rejected and the two datasets (i.e. stadium and SCAN site) can be
deemed statistically significantly different.
Temperature measurements, such as those from automated weather stations (e.g.
SCAN), are generally taken in sheltered environments to limit contamination from
exposure to direct sunlight and other heat fluxes. In this study, all iButtons placed in the
stadium and at field level were not shielded from direct sunlight and were facing the
south end zone. While the resulting iButton temperature may provide a more realistic
approximation of the heat load on a spectator who is fully exposed to sunlight (see
Chapter 2), it may not allow for direct comparisons to temperatures recorded at the
SCAN site. A pilot study conducted in Phoenix, AZ in summer 2014 found that
temperatures recorded by fully-exposed iButtons were several degrees warmer than
temperatures recorded by a nearby shielded thermistor probe (D. Hondula, personal
communication, 2018). To facilitate comparisons with SCAN temperatures, hourly
average differences exceeding the accuracy of the iButton sensors (±1.0°C) were applied
as correction factors to all iButton temperatures in the stadium and at field level during
the hours of 8:00AM to 4:00PM and 7:00PM to 9:00PM (Table 1) and varied by hour.
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In addition, because iButtons may be particularly sensitive to sunlight exposure,
variations in sun angle and cloud cover may result in fine-scaled variability in
temperature recorded within specific regions of the stadium. The same pilot study in
Phoenix also examined the sensitivity of iButton temperatures to sunlight exposure and
found that differences between iButtons with different sun angle orientations (e.g. southfacing, north-facing, down-facing) were within the accuracy of the device (±1.0°C).
Therefore, no correction factor based on sun angle orientation differences was applied
across the iButtons to account for varying levels of sunlight exposure. The only applied
correction factor accounted for direct sun exposure.
Linear Regression Analysis
Linear regression allows for predictive equations to be built off of linearly related
data. Observations from the stadium (predictand) and SCAN site (predictor) were plotted
against each other along with an initial correlation and were found to be strongly linearly
correlated (R2 > 0.85). Separate regression models were created for the concourse and
stadium due to differences in exposure to solar radiation.
To maximize the robustness of the model, 85% of the original data was used for
training, leaving 15% for testing. Conducting an ANOVA provided information
regarding the mean sum of squares regression (MSR), mean residual sum of squares
(MSE), regression sum of squares (SSR), and residual sum of squares (SSE), which
describe the variance of the predicted values and how much variability found in the
predicted values can be explained by the input data. The more variability that can be
explained by the input data, the better the overall model performance. The model’s
summary shows an R2 value, which gives an assessment of how well the predictor
10

explains variability of the predicted values, as well as a median residual, which suggests
whether a model is over or under estimating the predicted values. Cross validation for the
model consists of a root mean squared error (RMSE), which indicates how much, on
average, the model deviated from the observed value, and another median residual on
data unseen by the model. All statistical analyses and modeling in this chapter were
conducted using the software program “R” (The R Project for Statistical Computing,
2015).
Table 1

Correction Factor Differences by Hour of Day

Differences of hourly average observations between iButtons and a Shielded Thermistor
to represent differences in sun versus shade based on data from D. Hondula’s study in
Phoenix, AZ.

11

Figure 1

Geographic Location of Starkville, MS.

Home to Mississippi State University. Base image from Cdoovision.com.

12

Figure 2

3-D View of Davis Wade Stadium

A 3-D view of Davis Wade Stadium from Google Earth.
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Figure 3

Aerial view of Davis Wade Stadium

An aerial view of Davis Wade Stadium from Google Earth. Each letter corresponds to a
picture taken within the stadium in Figure 4.
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Figure 4

Inside view of Davis Wade Stadium

Four pictures taken within Davis Wade Stadium. A.) was taken at 8:38AM on December
1, 2016; B.) at 7:23AM on August 31, 2017; C.) at 1:43PM on September 8, 2016; and
D.) at 8:43AM on September 20, 2016
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Figure 5

iButton Data Logger

A Hygrochron attached via zip tie facing south.

Figure 6

iButton Size Comparison

An iButton placed next to a penny for scale.
16

Figure 7

iButton Distribution in Davis Wade Stadium

Figure 8

iButton Assessment for Variability

Each iButton’s temperatures recorded approximately 30 minutes before sunrise were
compiled throughout the period of record to illustrate any variable tendencies between
sensors.
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Results
Stadium Temperature Profile
During the 2016 season, hourly average temperatures within the stadium ranged
between 0 and 40°C, with a peak between 20 and 25°C (Figure 9). Field-level
temperatures exhibited a very similar distribution. In contrast, concourse temperatures
exhibited a broader peak between 20 and 30°C, with relatively few observations below
10°C or above 30°C. During the entire 12-week season, the average hourly temperature
was highest in the stadium (23.5°C), followed closely by field-level (23.3°C) and
concourse (22.8°C).
Stadium, field, and concourse temperatures exhibited a predicable decline
throughout the season from 28–30°C in September to 14–15°C in November (Figure 10;
Table 2). A warm spell occurred in late October, which coincided with anomalous heat
exposure during a game on the 29th of the month (see Chapter 2). Weekly temperature
variability, as revealed through coefficients of variation, increased throughout the season
at all locations, but was noticeably higher within the stadium and at field-level compared
to the concourse (Table 2).
Hourly temperature distributions reveal a peak of 33.1°C within the stadium at
2:00PM (Figure 11). A similar peak of 32°C also occurs at this time at field-level. In
contrast, the highest daily temperature in the concourse typically occurs at 4:00PM and is
several degrees lower than the peak temperature in the stadium and at field-level. All
locations exhibit their greatest rate of temperature change between 8:00AM and 9:00AM,
with the stadium and field warming up more quickly than the concourse (i.e. increases of
4–5°C compared to 2°C). Hourly temperatures gradually decline in the afternoon and
18

evening hours at all locations, with the greatest declines observed at field level between
5:00PM and 6:00PM and the smallest declines observed in the concourse. In general,
hourly temperature variability is highest at field level and within the stadium, while
markedly lower in the concourse.
Comparison to SCAN Site
Bootstrapping comparisons of temperature distributions between the stadium and
the nearby automated SCAN site during the 2016 football season showed thermal
disparities. Median values were highest in the concourse, followed by the stadium, field,
and SCAN site (Figure 12). Median concourse values were statistically significantly
different from those in the stadium and at field level, while SCAN site values were
significantly different from those in all three regions of the stadium. Standard deviation
bootstraps of median values revealed the highest variability at the SCAN site, followed
by the stadium, field level, and concourse (Figure 13). Median concourse values were
statistically significantly higher from all other locations, including the SCAN site.
Intra-Stadium Differences
Variations in temperature within the stadium were examined across the lower
bowl (east, west, and north) and upper bowl (east and west) (see Figure 7). Hourly
temperature distributions reveal similar peak temperatures across the north (33.6°C), west
(33.2°C), and east (33.3°C) bowls (Figure 14). However, the timing of peak temperatures
varies from 12:00PM in the west bowl to 3:00PM in the north and east bowls. The north
and west sections exhibit their greatest increases in hourly temperatures between 8:00AM
and 9:00AM and the east had its greatest increase an hour later. The north bowl warmed
19

up more quickly (+5.3°C) than the west (+4.6°C) and east (+3.6°C) bowls. Median
temperature values were highest in the north bowl, followed by the west bowl and east
bowl (Figure 15). Median values in the north bowl were statistically significantly
different than those in the west and east bowls. Standard deviation bootstraps of median
values revealed the highest variability in the north bowl, followed by the east bowl and
west bowl (Figure 16). Only the west bowl was statistically significantly different from
the north bowl.
Examination of hourly temperatures across the lower and upper bowls revealed
similar timing with respect to peak temperature (1:00PM) and greatest increase in hourly
temperatures (8:00AM to 9:00AM) (Figure 17). However, peak temperature in the lower
bowl was 1.7°C higher than in the upper bowl, as was the greatest increase in hourly
temperature (+4.1°C compared to +3.3°C). Similarly, median temperatures in the lower
bowl were higher than those in the upper bowl (23.9°C compared to 23.2°C), but not
statistically significantly different (Figure 18). Standard deviation bootstraps of median
values revealed that the lower bowl was statistically significantly more variable than the
upper bowl (Figure 19).
IDW depicts that the north end zone remains the hottest throughout each of the
three games but high temperatures occurred based on which side was receiving direct
sunlight. For example, a late morning to early afternoon game like South Alabama
primarily showed high temperatures on the west side (with the exception of a hot spot on
the east side) while South Carolina, a late afternoon game, had highest temperature on the
west side (Figure 20, 21). The Samford game’s timing from early to late afternoon
captures the diurnally based switch from high temperatures on the west side to the east
20

side (Figure 22). Through temperature interpolation and shading, the diurnal impact is
visually pronounced during the late morning (11:00AM South Alabama) and late
afternoon (4:00PM Samford and 5:00PM South Carolina) when the thermal gradient is
strongest. Temperature discrepancies were strongest between the east and west side and
reached a maximum of 11°C but primarily remained between 3–6°C. This mapping
shows how Field iButtons were the first to cool out of all the iButtons in the outdoor
environment and how shading on the south end zone Hygrochron caused it to be
approximately 3–5°C than the rest of the iButtons.
Linear Regression Model: SCAN vs. Stadium
To determine if linear regression would be appropriate for creating a predictive
model, hourly temperatures from the stadium, concourse, and field-level were regressed
on corresponding hourly SCAN temperatures (Table 3). All three regions exhibited R2
values above 85%, indicating that each of the regions were linearly associated with the
SCAN site. Initial median residuals of 0.03 and 0.04 imply that the model was nearly
unbiased but slightly biased to overestimating temperatures in the stadium and field,
respectively. RMSE values of 2.23°C and 2.10°C indicate that the model, on average,
only missed the temperature by a little more than 2°C and median residuals of 0.02 and
0.14 suggest that the models have a slight bias to overestimate the hourly average
temperature when exposed to new data, with the field having a lower bias than the
stadium.
The model seemed to struggle the most in the upper extremes of the temperature
range when temperatures exceeded 30°C. The concourse regression model differs from
the other two, as is evident in the bootstrap replicates (Figure 23, 24, 25). This model’s
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initial median residual of -0.07 denotes that the model almost has no bias but any bias is
attributed to underestimating temperatures. This model underperformed in comparison to
the others, mostly likely from the initial lower correlation between the concourse and the
SCAN site, as is shown in R2 value. With an RMSE of 2.19°C, the model missed the
temperature, on average, by approximately 2.2°C and its median residual after crossvalidation of -0.12 indicates that the model had a bias to underestimate the hourly
average temperature when exposed to new data. The concourse model particularly failed
to predict temperatures well in lower temperature scenarios, with temperatures below
10°C. This most likely is due to the Concourse rarely experiencing freezing temperatures.
Overall model performance is best explained through the ANOVA statistics. The
MSR and SSR were equal in each of the respective models due to only one predictor
(SCAN temperatures) being incorporated. The SSR describes how much variance in y
can be explained by x. The larger this number is in comparison to the SSE, then the better
the model performs. The SSR is an order of magnitude greater than the SSE in every
model, meaning that a good amount of the variability can be explained by the predictand
and that the model is performing extremely well. The MSR represents the amount of true
variance that can be explained by the model and since those numbers in each ANOVA
are high, a substantial amount of model variance can be explained by the information
provided. The MSE signifies the standard error and since it is four orders of magnitude
lower than the MSR, each model is performing well.
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Table 2

Coefficients of Variation and Weekly Averages

Coefficients of variation and weekly average temperatures organized by week throughout
the period of record.

Table 3

Linear Regression Model Characteristics

Information for each of the linear regression models including their R2 values. MSR =
mean sum of squares regression, MSE = mean residual sum of squares, SSR = regression
sum of squares, SSE = residual sum of squares, and RMSE = root mean squared error.
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Figure 9

Hourly Average Temperature Histograms

The hourly average temperatures for each area of Davis Wade Stadium throughout the
entire period of record.
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Figure 10

Weekly Temperature Distributions

Boxplots of temperature distributions for each week within the study period based on
section within the stadium.
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Figure 11

Hourly Average Boxplots by Hour of Day for Stadium, Field, and
Concourse

Boxplots of hourly temperature observations organized by hour for the stadium, field, and
concourse datasets.
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Figure 12

Temperature Mean Bootstrap Replicate Distributions for Stadium,
Concourse, Field, and SCAN

Boxplot distributions of bootstrap mean temperature replicates for the stadium,
concourse, field, and SCAN site. Red × symbols denote 97.5% and 2.5% confidence
intervals.
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Figure 13

Temperature Standard Deviation Bootstrap Replicate Distributions for
Stadium, Concourse, Field, and SCAN

Boxplot distributions of bootstrap standard deviation temperature replicates for the
stadium, concourse, field, and SCAN site. Red × symbols denote 97.5% and 2.5%
confidence intervals.
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Figure 14

Hourly Average Temperature Boxplots by Hour of Day for North, East, and
West Sections of the Stadium

Boxplots of hourly temperature observations organized by hour for each of the north
stadium, west stadium, and east stadium datasets.
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Figure 15

Temperature Mean Bootstrap Replicate Distributions for North, East, and
West Sections of the Stadium

Boxplot distributions of bootstrap mean temperature replicates for the stadium’s north,
east, and west sections. Red × symbols denote 97.5% and 2.5% confidence intervals.
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Figure 16

Temperature Standard Deviation Bootstrap Replicate Distributions for
North, East, and West Sections of the Stadium

Boxplot distributions of bootstrap standard deviation temperature replicates for the
stadium’s north, east, and west sections. Red × symbols denote 97.5% and 2.5%
confidence intervals.
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Figure 17

Hourly Average Temperature Boxplots by Hour of Day for Upper and
Lower Sections of the Stadium

Boxplots of hourly temperature observations organized by hour for each of the upper
stadium and lower stadium datasets.
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Figure 18

Temperature Mean Bootstrap Replicate Distributions for Upper and Lower
Sections of the Stadium

Boxplot distributions of bootstrap mean temperature replicates for the stadium’s upper
and lower sections. Red × symbols denote 97.5% and 2.5% confidence intervals.
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Figure 19

Temperature Standard Deviation Bootstrap Replicate Distributions for
Upper and Lower Sections of the Stadium

Boxplot distributions of bootstrap standard deviation temperature replicates for the
Stadium’s upper and lower sections. Red × symbols denote 97.5% and 2.5% confidence
intervals.
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Figure 20

IDW Mapping of Top of the Hour Temperatures for South Alabama

South Alabama game has less observations than the following games due to an incorrect
set of Thermochrons initially deployed. These buttons were removed and the issue was
rectified shortly after this game and fixed for the rest of the study period. This IDW
analysis lasted from 10:00AM to 3:00PM.
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Figure 21

IDW Mapping of Top of the Hour Temperatures for South Carolina

South Carolina game IDW analysis lasted from 5:00PM to 10:00PM.
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Figure 22

IDW Mapping of Top of the Hour Temperatures for Samford

Samford game IDW analysis lasted from 1:00PM to 6:00PM.
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Figure 23

Linear Regression Model Between Davis Wade Stadium Temperatures and
SCAN site Temperatures

Stadium temperatures were plotted against SCAN temperatures along with the linear
regression model’s equation. This equation is illustrated as a red line. A total of thirty
iButtons were used in the stadium secion.

38

25
20
15
5

10

Concourse Temperature (C)

30

Hourly Average SCAN Temperatures and Hourly Average Concourse Temperatures

0

10

20

30

SCAN Temperature (C)

Figure 24

Linear Regression Model Between Davis Wade Concourse Temperatures
and SCAN site Temperatures

Concourse temperatures were plotted against SCAN temperatures along with the linear
regression model’s equation. This equation is illustrated as a red line. A total of 7
iButtons were used in the concourse.
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Figure 25

Linear Regression Model Between Davis Wade Field Temperatures and
SCAN site Temperatures

Field temperatures were plotted against SCAN temperatures along with the linear
regression model’s equation. This equation is illustrated as a red line. A total of 4
iButtons were used at the field level.
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Discussion
Within Davis Wade Stadium, air temperature variability and magnitude can differ
significantly. The assessment for variability revealed that the iButtons themselves hardly
contributed to temperature variability. Higher temperatures in the concourse are most
likely due to heat not being completely mixed out before sunrise. While temperature
bootstraps for the concourse tested higher than the stadium or field, the hottest
environments for a game day experience are the stadium or field. By being a semioutdoor environment in comparison to the stadium and field, which are fully outdoor
environments, the concourse is not easily accessible to convective mixing, causing night
time temperatures to be higher than those in the outdoor environments. Additionally,
during morning, mid-day, and afternoon hours, direct solar radiation substantially heats
the field and stadium while the concourse remains shaded. Specifically, the west heats
before the north and east sections, allowing it to receive early morning sunlight while
afternoon direct sunlight impacts the east side. The impact of convective mixing and
direct solar radiation also affects the variability between the three regions, causing the
concourse to remain more thermally isolated and more thermally inert than the other two
regions. Direct solar radiation plays an important role and is evident by the largest change
between hours existing in the early morning, when insolation first interacts with the
stadium. As the season progresses, variability increases and median hourly average
temperatures decrease. This indicates that games later in the season will most likely be
less heat stressful, but there is a chance that they could achieve heat stressful conditions.
The individual sections of Davis Wade Stadium can be broken down even further
to reveal that the north section is the hottest while the east and west could not be deemed
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significantly different. Duration of direct insolation is the predominant factor since the
north section receives the most direct sunlight of the three sections. Specifically, the
north section receives 1-2 hours (9-10 hours) of more sunlight than the east or west (8-9
hours). This sunlight duration also impacts the variability in that the north section is
accustomed to receiving large amounts of insolation, whereas the other two sections will
experience shade at some point during the day. The upper and lower regions did not
differ statistically in terms of magnitude, but the lower region showed more variability
than the upper region. Game day attendance could be a contributing factor in the
difference in variability between the two regions, as more people are able to sit in the
lower section and they often fill before the upper section. Human metabolic contributions
have seen at city-wide levels and can create notable increases in temperature (Stewart and
Kennedy, 2017). Another factor could be the increased feasibility of convective or
turbulent mixing in the upper region due to the design of the stadium limiting wind
velocity in the lower region.
Bootstrapping distinguished the thermal differences between Davis Wade
Stadium and the nearest weather station. The SCAN site proved to be statistically
significantly different from all three regions within the stadium, which may be due to the
fact that the area around SCAN site does not contain any major anthropogenic structures
that effectively absorb solar radiation. Davis Wade Stadium, conversely, is mainly
comprised of anthropogenic features such as dark colored plastic, concrete, and metal
(with the exception of the natural turf field). Although the Stadium and Field are exposed
to open air, they are not as exposed as the SCAN site, which is in an open field in
Starkville, MS’s North Farm. The likelihood of daytime mixing of warm surface air is
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much higher at the SCAN site since there are no obstructions extending several hundred
feet into the air. For climatic perspective, Starkville was warmer than normal during the
2016 football season. Monthly average temperatures recorded at the nearby COOP site
during the football season (September to November) range from 23.2°C to 11.9°C, but
during the 2016 football season, monthly temperatures were 26.7°C to 14.3°C.
Different land-cover/land use area characteristics reinforce the thermal differences
between the two environments. Land-cover/land area use around downtown Starkville
classifies predominately as Pasture/Hay, Developed (Open Space and Low Intensity), and
Forest (Evergreen and Deciduous) (NLCD, 2014). Although the edges of Starkville are
more vegetative, downtown and Mississippi State University’s campus classify as
Developed area. The SCAN site is located over Barren Land (Rock/Sand/Clay) land
cover (Figure 26), which tends to exhibit different thermal characteristics than Developed
areas because of UHI influence (Taha, 1997) especially in different land cover / land use
area classifications (Kuras et al. 2015).
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Figure 26

NLCD Land Cover Classification Map of Starkville, MS

The two stars indicate the close proximity and location of the SCAN site and Davis Wade
Stadium. The colors indicate the corresponding land cover classification.
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Conclusion
Assessing the micro-climate of Mississippi State University’s Davis Wade
Stadium quantifies thermal properties for large attendance semi-outdoor events. While
UHI effects are prominent over large spatial scales like cities, these enhanced
characteristics can also occur in smaller scale environments such as a collegiate football
stadium. Despite the SCAN site being only 1.2 miles north of the Stadium, it statistically
validated as a thermally different environment with Davis Wade Stadium being
significantly warmer. Within the stadium itself, different sections classify as thermally
different environments. Diurnal characteristics are particularly augmented for regions that
are exposed to solar radiation for long durations, as shown by the north section testing as
statistically significantly warmer than the other regions.
Since the SCAN site represents Starkville’s regional climate, using a forecasted
temperature value for Starkville as input for the regression equations can provide greater
insight into the conditions that fans may experience during game day. Rather than using
Starkville temperatures as a proxy, stadium conditions can be predicted in advance of
game day and allow occupants to be better informed of potentially oppressive conditions.
For example, if the SCAN site recorded an hourly average temperature of 20°C, then the
corresponding hourly average for the stadium would be 21.5°C. Ultimately, this research
can be a tool for game day operations to help prevent heat stress in the stadium.
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THERMAL COMFORT OF STADIUM SPECTATORS
Introduction
Enhanced temperatures within a stadium microclimatic in football stadiums can
exacerbate heat stress conditions for the occupants. Typical attendance for college
football games far exceeds the one-thousand attendant qualification for mass gatherings,
and these events require special planning for hazardous weather scenarios (Soomaroo and
Murray 2012). Large gatherings of people can play a significant role in terms of thermal
comfort and potential heat stress. Kman et al. (2007) found that for every 1°C increase in
temperature, there was an 11% increase in the likelihood for stadium occupants to
experience heat stress conditions that require medical attention. Davis Wade Stadium
(DWS) on the campus of Mississippi State University (MSU) seats a maximum capacity
of 61,337 occupants, with the 2016 average attendance being 58,317 occupants (ESPN).
In terms of capacity, DWS ranks as the 3rd smallest stadium within the Southeastern
Conference, suggesting that even larger audiences in other stadiums could experience
similar or more heat-stressful conditions. DWS is a semi-enclosed stadium and has
predominately outdoor seating with only the club level and press box seats being indoors.
The field in DWS is natural grass, which is typically associated with lower temperatures
but also higher humidity than artificial turf. The additional moisture from natural grass
evapotranspiration and the increased sensible heat flux resulting from the stadium heat46

retaining infrastructure warrants an assessment of personal heat exposure and thermal
comfort of the tens of thousands of spectators within the stadium.
The southeastern United States experiences a combination of high temperatures
and high humidity. Both of these factors work in tandem to determine an individual’s
level of heat stress and are often measured by the Heat Index (HI), which provides a more
useful metric of thermal stress than air temperature on its own. While Biometeorologists
have developed numerous thermal comfort indices (Davis et al. 2006; Blazejczyk et al.
2012), the HI is one of the most commonly used because of its dependence on only two
variables: temperature and relative humidity (or dew point). Despite its simplicity,
compared to other indices like Standard Effective Temperature, Predicted Mean Vote,
and Spatial Synoptic Classification, the HI performs exceptionally well in predicting heat
stress mortality (Davis et al. 2006).
Although the HI is a relatively straightforward heat stress metric, it does not
account for variations in an individual’s behavioral qualities (e.g., clothing, metabolism)
or other environmental variables important for thermal comfort, such as solar radiation
and wind speed (Steadman 1984). Of the biometeorological indices tested in Davis et al.
(2006), the only metric that performed better than the HI was the Physiological
Equivalent Temperature (PET). This metric, developed by Peter Höppe, represents
personalized thermal environments by incorporating temperature, vapor pressure, wind
speed, and radiative temperature. Radiative temperature takes into consideration the
individual’s heat balance and how that impacts their thermal comfort and thermal stress
(Höppe, 1999). This metric was adapted from the Munich Energy-balance Model for
Individuals (MEMI) and can be interpreted as the temperature that an indoor environment
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would need to reach to match the corresponding heat balance requirements (i.e. core and
skin temperatures) of a person outdoors (Höppe, 1999).
Since its introduction in 1999, the PET has been used in numerous thermal
comfort and heat exposure studies, most notably those concerning outdoor urban spaces
(Goméz et al. 2013; Klemm et al. 2015; Martinelli et al. 2015; Taleghani et al. 2015;
Krüger et al. 2017). Salient studies within the literature include Taleghani et al. (2013),
who found that PET varies based on building structure and wind exposure, with PET
being lower in areas with higher wind speeds. Martinelli et al. (2015) emphasized the
importance of direct sunlight on an individual’s thermal comfort, as PET was found to
vary by as much as 7°C depending on whether the environment was shaded or exposed.
Another area of interest when using PET is the effect of green spaces in urban
environments on resulting thermal comfort. Klemm et al. (2014) found that vegetated
landscapes like parks have lower PET values than surrounding urbanized areas.
The use of PET in urban environments suggests that it may be an appropriate
index to use in the study of outdoor stadiums, which exhibit similar amplified heating
characteristics. Bouyer et al. (2007) modeled thermal comfort by calculating PET on the
perimeter of athletic fields and found that solar radiation and wind were important
factors. Out of the two stadia in their study, the Atatürk stadium (in Instanbul, Turkey) is
most similar to DWS in terms of structural design. Additionally, they found that wind
speed can be a determining factor in whether an environment is thermally comfortable or
uncomfortable (Bouyer et al. 2007). Mei and Qu (2016) modeled wind speed within a
stadium similarly designed to DWS and found that wind speeds inside the stadium were
drastically reduced compared to those outside the stadium. In terms of thermal comfort,
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wind typically works to reduce the body’s heat load (and lower the PET) by expediting
evaporative cooling (in all situations) and increasing convective heat loss from the skin
(if air temperature is less than skin temperature). Therefore, PET values may be higher
inside the stadium than outside. Thermal comfort has also been assessed in indoor
stadiums (e.g. Nishioka et al. 2000), which do not include direct influences from solar
radiation or wind effects.
While the HI requires only two readily available parameters, calculating PET
requires several more parameters, some of which are not readily available.
Meteorological variables required to calculate PET include air temperature (°C), relative
humidity (%), radiation Wm-2) and wind speed (m/s). The program RayMan Pro
facilitates calculation of PET (and other thermal indices) through estimation of mean
radiant temperature. Physiological variables of personal activity (or metabolism, W) and
clothing resistance (clo) are also included (Matzarakis et al. 2007). RayMan Pro has been
used in several previous studies to calculate PET (e.g. Reza et al. 2013; Matzarakis and
Frölich 2015). The amount and type of clothing can impact thermal stress levels by
minimizing heat lost through evaporation and convection. Clothing can also influence the
albedo of the human body, as demonstrated by Kenny et al. (2008), who found light
colored clothing (albedo = 0.57) reduced the amount of absorbed radiation by 40 Wm-2
compared to dark colored clothing (albedo = 0.21). Incorporating physiological and
behavioral characteristics into a thermal comfort model is important in determining
whether individual actions may create a more thermally stressful situation.
The purpose of this chapter is to assess the thermal comfort of spectators in DWS
during the 2016 football season. To carry this out, iButton sensors were used to record
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the temperature and relative humidity across different areas of the stadium. This
information was used to calculate the heat index (HI) and Physiological Equivalent
Temperature (PET) within the stadium during individual games. RayMan Pro was used to
calculate PET values across different meteorological and physiological scenarios, which
include variations in wind speed, activity level, and clothing. In addition, both HI and
PET values within the stadium were paired with First Aid and EMS data during the
games to see if cases of heat-related illness were linked to thermally oppressive regions
of the stadium.
Data and Methods
Data Collection
While Chapter 1 incorporated both Thermochron and Hygrochron iButton
sensors, this chapter only uses data from the Hygrochron iButtons, since both temperature
and relative humidity were needed to calculate HI and PET values in the stadium. This
reduced the number of iButton sensors used in this analysis from 52 to 12 (see Figure 7 in
Chapter 1 for a map of Hygrochron iButton locations within DWS). As described in
Chapter 1, all iButton sensors recorded data at 10-minute intervals, which were then used
to calculate hourly average values throughout the 2016 football season (29 August to 22
November 2016). These hourly values were then compared to corresponding
observations at the nearby automated (SCAN) weather station. While the SCAN site
records hourly average air temperature, it only records hourly maximum, minimum, and
top of the hour relative humidity. To maintain consistency with the iButton observations,
hourly relative humidity observations from the SCAN site were determined by averaging
the hourly maximum and minimum values.
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Calculating the Heat Index (HI)
HI was calculated from temperature and relative humidity observations using an
equation adopted by the NOAA National Weather Service (NWS):

𝐻𝑒𝑎𝑡 𝐼𝑛𝑑𝑒𝑥 = −42.379 + 2.04901523 ∗ 𝑇 + 10.14333127 ∗ 𝑅𝐻 − .22475541 ∗
𝑇 ∗ 𝑅𝐻 − .00683783 ∗ 𝑇 ∗ 𝑇 − .05481717 ∗ 𝑅𝐻 ∗ 𝑅𝐻 + .00122874 ∗ 𝑇 ∗ 𝑇 ∗
𝑅𝐻 + .00085282 ∗ 𝑇 ∗ 𝑅𝐻 ∗ 𝑅𝐻 − .00000199 ∗ 𝑇 ∗ 𝑇 ∗ 𝑅𝐻 ∗ 𝑅𝐻

(1)

Since this equation is not suitable for HI values below 80°F, the following
Rothfusz equation was used to re-calculate all HI values below 80°F:

𝐻𝑒𝑎𝑡 𝐼𝑛𝑑𝑒𝑥 = (0.5 ∗ (𝑇 + 61 + ((𝑇 − 68) ∗ 1.2) + (𝑅𝐻 ∗ 0.094))

(2)

Where T is the temperature in degrees Fahrenheit and RH is the relative humidity
in percentages. This metric is often disseminated in terms of Fahrenheit, especially for
collegiate football games and the following formulas and figures regarding HI reflect
this. Both 10-minute and hourly average HI values were used to assess the thermal
comfort of spectators. These values were calculated for the major sections of the stadium
described in Chapter 1 (i.e. stadium, field-level, and concourse) as well as the nearby
SCAN site.
Determining Heat-Stressful Games
A total of six football games were played in DWS during the 2016 season.
Conditions on each game day were examined beginning one hour before kickoff and
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ending one hour after the conclusion of the game. This accounts for the time it takes for
most spectators to arrive at and leave the stadium. In order for a game to be deemed heat
stressful (i.e. thermally oppressive), over half of the hourly average HI values had to be at
least 80°F, which is the minimum threshold where the likelihood of heat disorders
reaches the “Caution” category (Figure 27). Of the six games examined, three were
deemed heat stressful: MSU vs. South Alabama (3 September 2016), MSU vs. South
Carolina (10 September 2016), and MSU vs. Samford (29 October 2016) (Figure 28, 29).
All 10-minute HI values ≥ 80°F recorded during each of the three heat stressful
games were associated with one of four heat stress categories (Figure 27): Caution,
Extreme Caution, Danger, and Extreme Danger. Each of these categories is associated
with an increased likelihood of heat-related health outcomes (e.g. fatigue, cramps,
exhaustion, sun stroke, heat stroke). To determine how much time in each game is
categorized under each heat stress category, the following equation was used:

𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑈𝑛𝑑𝑒𝑟 𝐻𝑒𝑎𝑡 𝑆𝑡𝑟𝑒𝑠𝑠 𝐶𝑎𝑡𝑒𝑔o𝑟𝑦 (%) =

𝑇𝑖𝑚𝑒 𝑠𝑡𝑎𝑚𝑝𝑠 𝑡ℎ𝑎𝑡 𝑚𝑒𝑒𝑡 ℎ𝑒𝑎𝑡 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑡𝑎𝑚𝑝𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑚𝑒 𝑑𝑎𝑦

(3)

The resulting value was then multiplied by the number of minutes within each game (360
minutes) to see how long each section of DWS (described in Chapter 1) was classified
under a specific heat stress category.
Calculating the Physiological Equivalent Temperature (PET)
Höppe based the PET off of the MEMI equation:
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𝑀 + 𝑊 + 𝑅 + 𝐶 + 𝐸R + 𝐸ST + 𝐸UV + 𝑆 = 0

(4)

where M = metabolic rate, W = physical work output, R = net body radiation, C =
convective heat flow, ED = latent heat flow to evaporate water diffusing through skin,
ERe = sum of heat flows for heating and humidifying the air, ESw = heat flow due to
evaporation of sweat, and S = storage heat flow for heating and cooling the body mass
(Matzarakis and Amelung 2008) with all variables expressed in terms of Watts.
One of the most important variables associated with PET is the mean radiant
temperature (Tmrt). According to Matzarakis et al. (2007), calculating Tmrt requires two
formulas and can be found through the short wave and long wave radiation fluxes:

`
\ab 𝐾\ 𝐹\

𝑆WXY = 𝑎Z

+ 𝑎^

`
\ab 𝐿\ 𝐹\

(5)

where Ki and Li are short and long wave radiation fluxes in W/m2, ak and al are
coefficients of absorption for short and long wave radiation, and Fi is the angle factors of
solid surfaces (i.e. how radiation is directed towards an object or person). Once Sstr is
calculated, Tmrt can be calculated in °C with the following equation:

𝑇cYX =

f

(𝑆WXY /(𝑎^ 𝜎)) − 273.2
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(6)

where 𝜎 is the Stefan-Boltzmann constant (5.67*10-8 W/m2K4). In urban
landscapes, the equation for Tmrt can be modified to include the sky view factor and
radiative characteristics of buildings (Matazarakis et al., 2007). For simplicity, these
factors were not included in this research. An advantage to using RayMan Pro is that it
uses readily available inputs to calculate Tmrt (Matzarakis and Amelung 2008).
Of the remaining input variables used to calculate PET, only air temperature (°C)
and relative humidity (%) were obtained directly from stadium observations (iButtons).
Although the SCAN site records hourly wind speed, it is not known whether those
observations are representative of wind speeds within the stadium. Therefore, several
different wind speed thresholds were tested within RayMan Pro. The specific thresholds
were based on modeling results from Mei and Qu (2016): 0.1 m/s, 2.1 m/s, 4.1 m/s, and
6.1 m/s. As in Ainsworth et al. (2011), the activity level of a spectator was set at 166
W/m2 while the clothing insolation value (clo) varied from 0.33 clo (e.g. underwear, Tshirt, shorts, light socks, and sandals) to 0.93 clo (e.g. business suit) (Martinelli et al.
2015). Following Herdt (2017), for scenarios where wind speed varies, the clo value
remains at 0.33 clo, while for scenarios where clo values change, the wind speed remains
at 2.1 m/s to simulate a light breeze. Although studies show that PET does not change
based on clothing (Höppe, 1999; Spagnolo and de Dear, 2003; Deb and Ramachandraiah,
2010), the RayMan model allows this to be tested in thermally different environments.
While other physiological factors such as gender, age, weight, and height have an
influence on thermal comfort (Rupp et al. 2015), this research focuses on variables that
are most closely associated with PET (Matzarakis et al. 2007; Matzarakis and Amelung
2008). Since RayMan Pro requires these variables as input, the following physiological
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assumptions were used: male, 35 years old, 75 kg in weight, 1.75 m in height (Taleghani
et al. 2015; Martinelli et al. 2015). A summary of all scenarios is found in Table 4.
Comparison to SCAN site
As in Chapter 1, bootstrapping was used to compare conditions in the stadium to
those at the nearby automated (SCAN) weather station. In this chapter, distributions of HI
and PET across each of the major sections of DWS were compared to those at the SCAN
site. Bootstrap distributions of the mean and standard deviation were sampled 1,000 times
to test for statistical significant differences at 95% confidence intervals. Differences in
the median HI bootstrap between the SCAN and each major stadium section were applied
to the operational NWS HI table (Figure 27) to create a modified HI table specific to
DWS. To keep consistent with HI, only PET values ≥ 73°F (23°C) were bootstrapped.
Once these values were found, they were matched to their corresponding thermal comfort
classification developed by Blazejzcyk et al. (2012) (Table 5). Blazejyzck et al. (2012)’s
table of thermal sensations allows for HI and PET to be directly compared to each other
in terms of thermal sensation and perception of thermal comfort among stadium
spectators.
First Aid and EMS Data
First aid and emergency medical services (EMS) data were obtained from MSU’s
Office of Emergency Information for the three heat stressful games identified during the
2016 season. Data fields for each game include the time of medical treatment, the
location of the patient within the stadium, the chief complaint, and final disposition (e.g.
transferred to hospital, further care refused). Only cases where the chief complaint was
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listed as “heat-related” were retained for analysis. Since attendance varies from one game
to the next, the number of heat-related cases was standardized as a per capita rate (i.e.
number of cases per 100,000 people). The distribution of heat-related cases within the
stadium were compared to their corresponding HI and PET values in an effort to relate
thermal comfort to the location of observed health outcomes. In this way, the use of HI
and/or PET values observed within the stadium for emergency management and game
day operations could be evaluated alongside confirmed cases of heat-related illness.

Table 4

PET Scenario Summary

Values of each variable required for PET calculations through RayMan. 0.33 clo stayed
constant when wind values changed and 2.1 m/s stayed constant when clo values
changed.
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Table 5

Temperature Ranges for Thermal Sensations

Based on the thresholds given by Blazecjyzk et al. (2012), these ranges allow PET and HI
to be compared.

Figure 27

Heat Index Values and Associated Heat Stress Categories

NWS Heat Index values based on temperature and relative humidity (NWS (b)) along
with physical descriptions of ailments for each heat stress category (NWS Pueblo, CO).
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Figure 28

Hourly Average Heat Index Values for First Half of 2016 Season in °F

Hourly average HI values for the first three games of the season used to determine which
games should undergo heat stress analysis.

Figure 29

Hourly Average Heat Index Values for Second Half of 2016 Season in °F

Hourly average HI values for the last three games of the 2016 season used to determine
which games should undergo heat stress analysis.
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Results
Bootstrap Comparisons
Different sections of Davis Wade Stadium (stadium, concourse, and field)
represent different thermal environments and bootstrapping the means and standard
deviations can tease out these differences. In terms of HI, the stadium produced the
highest median bootstrap of 91°F for mean hourly averages, followed by the field, SCAN
site, and the concourse (Figure 30). Based on 95% confidence intervals, the mean HI for
the stadium was statistically significantly higher and the mean HI for the concourse was
statistically significantly lower than the other sections. The field and SCAN site HI
means were lower than the stadium and higher than the concourse; however, they were
not statistically significantly different.
Regarding variability, the standard deviation trends were similar to those of the
means with the stadium being the highest followed by the field, SCAN site, and the
concourse (Figure 30). Again, the mean HI in the stadium (all sections) was statistically
significantly higher and the concourse was statistically significantly lower than the other
sections within the stadium. The field and the SCAN site were not statistically
significantly different from each other. The greatest median standard deviation was found
in the stadium (6.4°F), while the lowest was found in the concourse (3.6°F).
Differences in median values between the SCAN site and each of the three
sections of DWS were applied to the NWS heat index table in Figure 27 to model average
HI conditions in each location. The stadium showed an increase of 2°F, the field-level
was 0.5°F higher, while the concourse was 1.5°F lower (Figure 31). As such, there are
more temperature-humidity combinations in the “Extreme Caution” and “Danger”
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categories for the stadium, more “Caution” environments for the concourse, and little
change for the field level.
Bootstrapping the mean PET values from each model scenario based on wind and
clothing illustrates the impact of changing each category across the period of record for
heat stressful scenarios. These scenarios are described in Table 4. Regarding clothing, the
Clo 1 criterion (a value of 0.33 clo) produced the highest PET values, while the Clo 4
criterion (a value of 0.93 clo) resulted in the lowest PET values across all sections of the
stadium (Figure 32). Much like the HI bootstraps, the stadium had the highest median
bootstraps of mean hourly PET averages, followed by the field, the SCAN site, and then
the concourse. The only statistically significant differences existed between the
maximum and minimum scenarios (Clo 1 and Clo 4) in all sections. Variability in PET
bootstraps with varying Clo values exhibited a similar trend to the overall mean
bootstraps with the stadium having the most variability and the concourse having the
least variability (Figure 32).
Bootstraps of PET with varying wind speeds revealed the highest values in the
stadium followed by the SCAN site, field, and concourse (Figure 32). In contrast to the
Clo bootstraps, the field and SCAN bootstraps for the Wind 1 scenario (0.1 m/s) are
statistically significantly different at the 95% confidence interval. The greatest
differences in PET were between the Wind 1 and Wind 2 scenarios and were statistically
significant; differences between the other wind scenarios were comparatively smaller and
not statistically significant. Variability in PET bootstraps with varying wind speeds was
highest in the stadium (except for Wind 1 scenario) and lowest in the concourse.

60

Game-day Conditions
HI and PET values were examined during each of the three heat stressful games.
With regards to the HI, “Dangerous” conditions were observed across most of the
stadium during the South Alabama game (3 September 2016), while “Caution” conditions
were observed within the concourse (Figure 33). The “hotspot” on the lower east side of
the stadium (which is also shown in Chapter 1) experienced two hours in the “Extreme
Danger” category during the middle part of the game. Much like the bootstrap
replications, the Stadium exhibited the highest HI values, followed by the field. Then
SCAN site failed to reach the “Danger” category, while the concourse remained in the
“Caution” category.
HI values at the start of the South Carolina game (10 September 2016) were in the
“Extreme Caution” category across much of the stadium, including the concourse, and at
the SCAN site (Figure 34). The more oppressive parts of the stadium were the lower east
side and northeast field, as hourly HI values fell within the “Danger” category.
Interestingly, a difference of 20°F was noted between the stadium and the concourse at
5:00PM; by 8:00PM, the concourse was 7°F higher than the stadium. In general, HI
values both inside and outside the stadium dropped considerably after 7:00PM. By the
end of the game, only a few sections of the stadium remained in the “Caution” category,
while HI values across most of the stadium and the SCAN site were in the nonthreatening category.
Although the Samford game took place near the end of October, temperatures
across the Southeast U.S. were well-above average. Indeed, HI values throughout the
stadium and at the SCAN site remained at or above the “Caution” category for most of
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the game (Figure 35). Remarkably, some sections of the stadium and field recorded HI
values in the “Danger” category during the first half of the game. As seen in the other
games, the east lower reached the highest HI levels and remained the most oppressive
section overall. Despite missing data from the upper west section, the west side remained
10 to 20°F cooler than the East side. Of the field level observations, the north end zone
was the hottest and stayed in the “Extreme Caution” category for most of the game. Both
the concourse and SCAN site remained in the “Caution” category for most of the game,
with HI values in the concourse a few degrees lower than at the SCAN site. By the end of
the game, several sections of the stadium were still in the “Caution” category, while HI
values at the SCAN site had dropped to non-threatening levels.
Heat Stress Duration
Since heat stress is often a cumulative hazard, understanding how long an
individual is subjected to oppressive conditions is important. Tables 6–8 provide the
length of time that conditions in the stadium met specific heat stress categories (defined
according to established HI and PET thresholds) for each of the three games. Durations in
bold-face are those where non-threatening conditions were present less than 2 hours or
where a threatening condition was present for at least 2 hours. Note that the full duration
of each game was the same (6 hours).
During the South Alabama game, HI values revealed non-threatening conditions
for 18 minutes, while “Danger” or greater conditions were recorded during almost half of
the game (Table 6). The PET scenarios revealed a more oppressive stadium environment
than the HI, as all observations were considered “threatening” and more than half of the
game-time observations were classified in the “Danger” or greater category. There was
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little change in PET with respect to the clothing unit, while a decrease in heat stress was
noted as wind speed increased. For example, by increasing the wind speed from 0.1m/s to
2.1m/s (Wind 1 to Wind 2 scenario), the amount of time spent in the “Danger” or greater
category was reduced by almost 2.5 hours. By comparison, the duration of threatening
conditions was relatively unchanged between Wind 3 and 4 scenarios.
Heat stress durations were substantially diminished during the South Carolina
game. Non-threatening conditions lasted over only one third of the game, with the
exception of the Wind 1 PET scenario (Table 7). In contrast to the South Alabama game,
the HI implied a more thermally oppressive stadium environment as nearly half of the
game occurred under the “Extreme Caution” or greater categories, though no “Extreme
Danger” conditions were observed. As with the South Alabama game, the largest changes
in heat stress duration occurred between the Wind 1 and Wind 2 scenarios, with little
change occurring between the other wind scenarios. The Wind 1 scenario was the most
thermally oppressive (according to PET) and resulted in “Caution” conditions for most of
the game. On the other hand, the clothing scenarios showed much change in heat stress
durations. For example, the change in clothing insulation from the Clo 1 to Clo 4 scenario
resulted in an increase in time spent under non-threatening conditions by over 2 hours.
During the Samford game, the duration of non-threatening conditions was
generally consistent among HI and the different PET scenarios (except for Wind 4)
(Table 8). For higher heat stress categories, however, the PET scenarios suggest a more
thermally oppressive environment, as the duration of the “Danger” category increased by
over an hour compared to the HI. The largest differences in heat stress duration occurred
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between Wind 1 and Wind 4 scenarios, while clothing insulation had a negligible effect
on the duration of heat stressful conditions in the stadium.
First Aid and EMS Reports
First Aid and EMS stations are the primary access point for spectators who
require medical attention during games. The greatest number of First Aid and EMS
reports occurred during the first game (South Alabama) (Figure 36), then dropped
considerably over the next two games (Figure 37, 38). Of all the First Aid and EMS
reports during the three games, between 40–60% were classified as heat-related. The
resulting per capita rates (out of 100,000) of heat-related illness for each game were 35
for South Alabama, 26 for South Carolina, and 10 for Samford.
Interestingly, the location of heat-related reports within the stadium varied by
game. During the South Alabama game, the majority of reports occurred on the west side
of the stadium, while the east side saw the majority of reports during the Samford game.
The South Carolina game saw roughly equal numbers of reports in all major sections of
the stadium. In some cases, these patterns can be at least partially explained by the
corresponding HI and PET values. During the South Carolina game, HI and PET values
were generally consistent across both sides of the stadium, while during the Samford
game, HI and PET values on the east side of the stadium were 3 to 4°C higher than those
on the west side. In contrast, the east side of the stadium was most oppressive during the
South Alabama game, despite most of the heat-related reports occurring on the west side.
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Table 6

South Alabama Heat Stress Duration

Amount of time Davis Wade Stadium (stadium, field, and concourse) classified under
each heat stress category (from Table 5) during the South Alabama game.

Table 7

South Carolina Heat Stress Duration

Amount of time Davis Wade Stadium (stadium, field, and concourse) classified under
each heat stress category (from Table 5) during the South Carolina game.
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Table 8

Samford Heat Stress Duration

Amount of time Davis Wade Stadium (stadium, field, and concourse) classified under
each heat stress category from (Table 5) during the Samford game.

Figure 30

Heat Index Mean and Standard Deviation Bootstrap Replicate Distributions

Boxplot distributions of bootstrap mean and standard deviation HI replicates for the
Stadium, Concourse, Field, and SCAN site. Red × symbols denote 97.5% and 2.5%
confidence intervals.
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Figure 31

Adjusted Heat Index Chart Based on Davis Wade Stadium Section in °F

Bootstrap median differences between SCAN and DWS added to their respective regions
(stadium, concourse, and field) to show how HI heat stress categories changed for a
multitude of scenarios.
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Figure 32

PET Mean and Standard Deviation Bootstrap Replicate Distributions for
Wind and Clo Values

Boxplot distributions of bootstrap mean and standard deviation PET replicates for the
Stadium, Concourse, Field, and SCAN site for all Wind and Clo scenarios. Red ×
symbols denote 97.5% and 2.5% confidence intervals.
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Figure 33

Game Day Hourly Average Heat Indices for South Alabama

HI Hourly Averages for each Hygrochron during game times during the South Alabama
game.

Figure 34

Game Day Hourly Average Heat Indices for South Carolina

HI Hourly Averages for each Hygrochron during game times during the South Carolina
game.
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Figure 35

Game Day Hourly Average Heat Indices for Samford

HI Hourly Averages for each Hygrochron during game times during the Samford game.

Figure 36

EMS Game Day Reports with PET and HI

EMS / First Aid reports attributed to heat stress and broken up based on location within
DWS for the South Alabama game. Corresponding average thermal comfort index values
were supplied to give thermal context.
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Figure 37

EMS Game Day Reports with PET and HI for South Carolina

EMS / First Aid reports attributed to heat stress and broken up based on location within
DWS for the South Carolina game. Corresponding average thermal comfort index values
were supplied to give thermal context.

(C)
Figure 38

EMS Game Day Reports with PET and HI for Samford

EMS / First Aid reports attributed to heat stress and broken up based on location within
DWS for the Samford game. Corresponding average thermal comfort index values were
supplied to give thermal context.
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Discussion
By bootstrapping means and standard deviations, unique thermal characteristics of
each section of the stadium were brought to the forefront for comparison. The stadium’s
distinct higher heat stress HI than the other sections most likely stems from re-radiated
heat from the man-made structures like plastic seating and concrete flooring as well as
the moisture from the natural grass field. The influence of moisture on thermal comfort is
likely felt throughout the stadium, but may be particularly impactful in the lower bowl
due to its proximity to the field. Although the field might experience higher humidity
values, its ability to achieve high temperatures is limited by the associated reduction in
the sensible heat flux. Having re-radiated heat of the stadium along with the grassy
surface causes the field to be slightly warmer than but not statistically significantly
greater than the SCAN site. The concourse is limited in its ability to achieve
exceptionally high temperatures due to the lack of direct sunlight, but the reduction in
turbulent mixing reduces ventilation of moisture, resulting in potentially oppressive
conditions.
In such heat stressful conditions, potential factors that could modify thermal
comfort include wind and clothing, which could ultimately act as a deciding factor
between a thermally comfortable environment and a thermally dangerous situation.
According to the PET bootstraps, increasing clothing insulation resulted in little to no
change in PET, while increasing wind speed resulted in increased thermal comfort. Both
of these results are consistent with the literature (Bouyer et al. 2007; Deb and
Ramachandraiah 2010; Höppe 1999; Spagnolo and de Dear 2003; Deb and
Ramachandraiah 2010). As clo values increase, an individual becomes more thermally
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insulated and more restricted from transferring heat to the ambient environment through
convection and evaporation. The nature of the PET, however, does not heavily weigh clo
in its calculations. Wind values, on the other hand, showed significant differences,
particularly between Wind 1 and Wind 2 scenarios. Differences between Wind 3 and 4
scenarios were smaller and could not be deemed statistically significantly different from
each other, indicating that wind speeds at 4.1 and 6.1 m/s represented similar PET values.
These results imply that the relationship between wind speed and PET is not linear.
Additional simulations may provide more robust results.
Heat stress durations based on HI and PET varied among the three games. During
the South Alabama game (11:00AM kickoff), the PET revealed a more thermally
oppressive environment than the HI, while the opposite was observed during the South
Carolina game (6:00PM kickoff). Both HI and PET exhibited similar heat stress
categories during the Samford game (2:30PM kickoff). Differences in heat stress
categories between HI and PET are likely influenced by how they handle solar radiation.
PET depends greatly on Tmrt, which is primarily driven by solar radiation, whereas HI is
calculated from air temperature and humidity in a shaded environment. From these three
games alone, it can be inferred that the HI performs well in late afternoon and evening
scenarios when direct sunlight is minimized and relative humidity is increasing. On the
other hand, PET may perform better earlier in the day when the sun angle is higher.
Examination of more games at different kickoff times is needed to further evaluate these
conclusions.
The addition of First Aid and EMS reports of heat-related illness provides useful
information to evaluate the heat stress categories assigned by HI and PET values within
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the stadium. These reports indicate that the South Alabama game was the most thermally
oppressive and uncomfortable out of the three games analyzed. Prior to and during the
game, football operations and emergency management enacted a heat mitigation plan for
the stadium, which included reducing the price of bottled water at concessions, allowing
spectators to bring in their own water into the stadium, opening cooling stations, and
adding additional First Aid and EMS personnel. This information was also communicated
over social media prior to the South Carolina game (Figure 39). However, heat mitigation
strategies were not implemented for the Samford game, despite conditions in parts of the
stadium reaching the “Danger” category.
Heat stress durations did not exactly align with the corresponding First Aid and
EMS reports during the South Carolina and Samford games. While the Samford game
had longer and more intense heat stress durations than the South Carolina game, the per
capita rate of heat-related illnesses was lower. One possible explanation is the timing of
each of the games. The South Carolina game did not begin until early evening and it is
likely that a large number of spectators, especially those who tailgated, were exposed to
extreme heat for several hours prior to the game. The conditions eventually experienced
within the stadium likely exacerbated the negative effects of heat exposure that had
accumulated throughout the day. The Samford game, on the other hand, took place early
in the early afternoon, thereby reducing the length of antecedent exposure to extreme
heat. Therefore, the specific role that the stadium itself plays in contributing to heat stress
may be determined in large part by the timing of the game and its effect on antecedent
heat exposure.

74

Figure 39

Heat Advisory from Game Day Operations

Social media post prior to the South Carolina game warning of heat stress conditions and
disclosing what heat stress protocols were to be implemented.
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Conclusion
Understanding thermal comfort in mass gatherings such as football games can
help minimize potential heat health hazards. During the 2016 football season, half of the
games in Davis Wade Stadium achieved heat stress criteria and subjected spectators to
endure thermally oppressive environments. Using HI and PET to model and quantify
various heat stress scenarios provided insight into how thermal comfort varies across
different sections of the stadium. Similar to Chapter 1, the stadium was the most
thermally intense environment, the concourse remained the least thermally intense, and
the field and SCAN site fell in the middle. Vast changes in clothing, such as shorts and tshirt versus a business suit, did not prove to have a substantial effect but the mere
presence of wind flow can drastically improve an individual’s thermal comfort. Direct
sunlight primarily dictates thermal characteristics within the stadium and this is effect is
amplified due to re-emission of heat from anthropogenic sources. Knowing this can help
EMS and First Aid stations be better prepared for visits on the side that is receiving direct
sunlight. Ultimately, acknowledging that spectators will more thermally oppressed and
uncomfortable than those outside the stadium and implementing proper heat stress
protocols can lead to a safer game day experience.
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CONCLUSION
This thesis examines thermal climate of Davis Wade Stadium in Starkville, MS
and the thermal comfort of its spectators. Improving the spatial and temporal resolution
of temperature observations provided enough data for a robust comparison to be made
between the distinct thermal environments, including the finer scale regions within DWS
itself. Depending solely on conditions outside the stadium does not provide sufficiently
accurate information for describing an individual’s thermal comfort within the stadium,
due to the UHI effect. Regression equations take these differences into account to provide
estimations for different regions of DWS based on Starkville’s temperature. Direct
sunlight stands out as the predominant factor in both the climatological patterns of the
stadium and the severity of heat stress conditions. Duration and intensity of exposure of
thermally oppressive environments play a substantial role in dictating the amount of EMS
and First Aid reports. The HI emphasized games with limited direct sun exposure
whereas the PET accentuated thermal comfort with heavy sunlight. Wind speed played a
significant role in determining an individual’s thermal comfort and can be the deciding
factor between heat stressful or thermally comfortable conditions. Other
biometeorological indices that give more emphasis to clothing values should be used to
test its impact in a stadium environment. With the conclusions from this thesis, decision
makers for game day operations can be better prepared for ensuring when and how heat
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stress protocols are enforced. Ensuring a safe environment for not only athletes, but
spectators also keeps the beloved tradition of American football thriving.
Limitations for this thesis include lack of wind observations and within the
stadium to gain a true representative PET value to compare to the HI rather than
simulating PET environments. Resolution between Thermochrons and Hygrochrons
Thermochrons have a +- 1°C and Hygrochrons have a +-0.5°C accuracy. One of the
Hygrochrons was taken and would have provided a complete data set for the West Upper
section. A disadvantage of iButton resources and placement was that no Hygrochron
could be placed in the north part of the Stadium, with the exception of the one at Field
level.
Further research includes data from 2017 which exclusively utilizes Hygrochron
iButtons, which would lead to more observations for HI and PET values. Similar methods
will be applied regarding bootstrapping replicates, linear regression modeling, and hourly
averaging in order to provide validation to the conclusions of this thesis. Beyond
quantifying conditions inside DWS, iButtons were placed on the perimeter of the
complex to record temperature and relative humidity in tailgating environments. This
thesis and its subsequent research will stand among the salient literature regarding safety
at public mass gatherings. Extreme heat has been noted to be a hazard at these types of
events (AMS, 2018) and this research will not only provide greater context to such
scenarios, but also a sound methodology to assess public health and safety.
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